Positive-up-negative-down (PUND) polarization measurement was employed to indirectly estimate the electrocaloric (EC) effect in ferroelectric films. By subtracting the conductive component from the observed charge profile, the polarization values at various electric fields and temperatures were precisely determined. The estimated EC effect for an epitaxial Ba 0.3 Sr 0.7 O 3 thin film fabricated on SrRuO 3 /SrTiO 3 (001) substrate showed the largest temperature change at around the ferroelectric-paraelectric phase transition temperature, which agrees with the theoretical prediction. On the other hand, the EC effect estimated by the conventional hysteresis loop measurement showed different peaking temperature from the theoretical prediction. The deviation became larger with lowering the measurement frequency. The observed results indicate the importance of precise evaluation of polarization for the examined temperature-electric field space.
Introduction
Electrocaloric (EC) effect is a phenomenon of temperature change occurring in ferroelectric materials when the electric field is applied or removed. The cooling devices using EC effect have several advantages. For instance, they can be easily miniaturized as they do not require much space for applying electric filed, unlike magnetic field. Moreover, they have high cooling efficiency compared to other refrigerators such as conventional vapor compression cycles and thermoelectric refrigerators. 1) Therefore, the EC effect has been studied ever since it was observed in a Rochelle Salt in 1930. Nevertheless, the temperature change in bulk single crystals and ceramics was known to be very small as the electric field, which can be applied to such thick samples, is practically limited. However, with the evolution of thin film technology in recent years, giant temperature change in a PbZr 0.95 -Ti 0.05 O 3 thin film (³12 K) was reported by Mischenko et al. in 2006. 2) Since then, the EC effect has been studied more actively. For example, PbMg 2/3 Nb 1/3 O 3 PbTiO 3 relaxor thin film showed a large EC effect (¦T = 9 K, ¦E = 720 kV/cm) at near room temperature. 3) There are two evaluation approaches of EC effect. In the first approach, the temperature change caused by EC effect is directly measured by thermometer or differential scanning calorimetry (DSC). 4),5) In the second approach, adiabatic temperature change is indirectly determined using thermodynamic theory with the polarization values measured at various electric fields and temperatures. The latter is mainly used for the thin films because it is difficult to directly measure the temperature change in thin films. In general, the polarization is measured by PE hysteresis loops. However, since any films show certain amount of leakage current, the conductive component is added in the hysteresis loops.
6) It turns out that the polarization value can be overestimated.
Therefore, there is a possibility that the EC effect is wrongly estimated. In particular, the leakage current in thin film tends to becomes large at higher temperature and larger applied field. The EC effect of leaky ferroelectric materials such as BiFeO 3 7) won't be able to be properly estimated, too.
In this study, the polarization was measured by a positive-upnegative-down (PUND) method. 8) This method allows us to separately evaluate the leakage current and the polarization; therefore, "true" polarization values can be determined. We measured the polarization of (001)-epitaxial Ba 0.3 Sr 0.7 O 3 (BST30/70) thin film, as a typical ferroelectric showing second order phase transition, 9) to testify the validity of our method. The temperature change was then estimated from the set of polarization values at various electric fields and temperatures and was compared with the temperature change estimated by the conventional PE hysteresis loop measurement.
Experimental
A BST30/70 thin film with thickness of 570 nm was deposited on SrRuO 3 /SrTiO 3 (001) substrate at 700°C by radio frequency (RF) magnetron sputtering.
10) The total gas pressure was 27 Pa with an Ar:O 2 gas ratio of 9:1. The RF power and target-substrate distance were 80 W and 90 mm, respectively. The target size was 2 inch in diameter. The growth rate was 18 nm/hour. The ferroelectric-paraelectric phase transition temperature of the film was estimated to be 296 K from the temperature dependence of the dielectric constant. The higher transition temperature compared with bulk BST30/70 (190K) is due to the large compressive strain in the film, which has been experimentally and theoretically documented in literatures. 10)13) In addition, the large compressive strain generated the single c-domain structure, which is actually suitable for our current purpose as the influence of non-180°³ domain switching on PE hysteresis and PUND measurements can be avoided.
Both PE hysteresis loops and PUND charge profile were acquired by a ferroelectric tester (Toyo Corporation, FCE-1). For the PE hysteresis measurement, the remnant polarization was determined from the value at E = 0 kV/cm, and the polarization under the electric field was determined using the upper branch data in hysteresis loop; namely, the polarization in the poled state was evaluated. The measurements were performed at 1 and 10 kHz with the maximum voltage of 50 V. For the PUND measurements, the voltage profile with inverted voltage of 50 V and non-inverted voltage of 130 V was applied. The duration and interval time of applied voltages were 25 and 100¯s, respectively. The experimental voltage profile with non-inverted voltage of 30 V at 460 K is shown in Fig. 1(a) as an example. Figure 1(b) shows the obtained charge profile. The slope during the application of voltages corresponds to the leakage current. Thus, the true profile without the influence of leakage current can be obtained by subtracting the charge variation under the voltages [ Fig. 1(c) ]. In Fig. 1(c) , the difference in charge before and after the application of V 3 corresponds to 2P r . The summation of P r and P n , which was induced by non-inverted voltage V 2 or V 4 , corresponds to the total polarization under the given electric field.
Based on the Maxwell relation (∂S/∂E) T,· = (∂P/∂T) E,· , the temperature change caused by EC effect was calculated by using the following equation:
where C p is the specific heat per unit volume, E a and E b are the start and final electric field, and (∂P/∂T) E,· is the pyroelectric coefficient, respectively. E a = 18 kV/cm was used in this study. Figure 2 shows the temperature dependence of the polarization in BST30/70 thin film at different electric fields determined by PE hysteresis and PUND measurements. In the low temperature region, the polarization values are approximately the same regardless of the frequency of PE measurement and the measurement method. With increasing the temperature, the polarization becomes smaller toward the ferroelectric-paraelectric phase transition temperature of the film, T 0 *, as expected. However, in the case of PE hysteresis measurements at 1 kHz shown in Fig. 2(a) , the temperature dependence of polarization turns into the slight increase above T 0 * when the applied electric field is larger than 263 kV/cm. The positive temperature dependence was also observed for the PE hysteresis measurements at 10 kHz shown in Fig. 2(b) , however, the increase of polarization with temperature was only observed for the electric fields larger than 351 kV/cm. Namely, the positive temperature dependence of polarization was more pronounced at a lower measurement frequency. This implies the considerable contribution of the leakage current, i.e. conductive component, to the PE hysteresis loops. Note that the leakage current density of our film under E = 500 kV/cm at room temperature was below 10 ¹5 A/cm; therefore, our film is not "leaky" as compared with the other ferroelectric films. Nevertheless, the influence of leakage current on the measured polarization value is appreciable in the paraelectric phase (above T 0 *), where the spontaneous polarization is absent. On the other hand, the PUND measurement didn't show the positive temperature dependence of polarization. As can be seen in Fig. 2(c) , the negative slopes were obtained under any electric fields examined in this study. The result indicates that the PUND measurement is effective to eliminate the influence of the leakage current. Since the EC effect is estimated from the slope of temperature dependence of polarization, i.e. the pyroelectric coefficient, the reduction of influence of leakage current by PUND method is useful. Figure 3 shows the applied electric field dependence of the polarization for BST30/70 thin film measured at 400 K. Because the ferroelectric-paraelectric phase transition temperature is 296 K for this film, there should be no spontaneous polarization at 400 K. However, as can be seen in Fig. 3 , the remnant polarization values measured by PE loops at 1 and 10 kHz were 4.68 and 3.85¯C/cm 2 , respectively, which indicates that the polarization was overestimated. On the other hand, the remnant polarization determined by PUND measurement was 1.79¯C/cm 2 , which was much smaller than ones determined by PE hysteresis measurements. Figure 4 shows the temperature dependence of the pyroelectric coefficient at different electric fields estimated by fitting fourth-order polynomial curves to the data of temperature dependence of polarization by PE hysteresis and PUND measurements (Fig. 2) . The pyroelectric coefficient estimated from the results of PE hysteresis measurements was positive at high temperatures when the applied electric field was larger than 263 and 351 kV/cm for 1 and 10 kHz, although only the negative values should be ideally obtained. This is because of the positive temperature dependence of the polarization above T 0 * measured by PE hysteresis, as discussed above. On the contrary, the pyroelectric coefficient estimated from the results of PUND measurement was always negative because the polarization values continuously decreased with increasing temperature [ Fig. 2(c) ]. Figure 5 shows the temperature change, ¦T, by EC effect estimated from the pyroelectric coefficient (Fig. 4) using Eq. (1). In the case of PE hysteresis measurements [Figs. 5(a) and 5(b)], the temperature showing the largest ¦T, T max , shifted largely with increasing the applied field change ¦E (=E b ¹ E a ). As results, T max at the largest ¦E = 509 kV/cm for 1 and 10 kHz measurements was significantly lower than the phase transition temperature. On the other hand, T max from PUND measurements showed a smaller shift with ¦E and stays around the phase transition temperature, T 0 *. It has been experimentally and theoretically shown that the largest EC effect occurs at around the phase transition temperature. For example, the experimentally-estimated EC effect of ferroelectric PZT 2) and PLZT 14) was maximized near the ferroelectric-paraelectric phase transition temperature. Moreover, in theoretical approach using a Landau theory, G. Akcay et al. reported that the maximum entropy change with applied field, in other words the maximum EC effect, will always occur near the phase transition temperature or the temperature, which is slightly higher than the phase transition temperature. 15) These results indicate that, in case of indirect approach, the method and condition for the polarization measurement can significantly affect the estimation of EC effect. In particular, the influence of leakage current at a high temperature under a large applied electric field in paraelectric phase cannot be ignored. The EC effect for leaky materials should be also carefully estimated. If the material is selected by improper indirect measurement, there is a possibility that the temperature showing the largest EC effect is significantly different from the operation temperature. Therefore, it is important to measure the polarization carefully when the EC effect is evaluated.
Results and discussion

Conclusions
The polarization in epitaxial BST30/70 thin film deposited on SrRuO 3 /SrTiO 3 (100) substrate was determined by PE hysteresis and PUND measurement at various electric fields and temperatures. By using the set of polarization data, the EC effect was estimated. For the case of PE hysteresis measurement at 1 and 10 kHz, the polarization was overestimated because of the leakage current, in particular, at high temperatures under large electric fields. On the other hand, for the case of PUND measurement, "true" polarization could be determined by subtracting the Fig. 3 . Electric field dependence of polarization in BST30/70 thin film at 400 K determined by PE hysteresis measurement at 1 and 10 kHz, and PUND measurement. influence of leakage current. While the pyroelectric coefficient from the results of PE hysteresis measurements was positive at high temperatures under large electric fields, that from PUND measurement was negative for any temperatures and electric fields examined in this study as expected. As results, the EC effect estimated by PUND measurement was closer to the theoretical prediction. The obtained results tell us the importance of the method and condition for the polarization measurement to indirectly estimate the EC effect in ferroelectric thin films.
